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Super-Kamiokande Gadolinium Project (SK-Gd)

* Dissolving Gd to Super-Kamiokande to significantly enhance
detection capability of neutrons from v interactions

J. F. Beacom and M. R. Vagins, Phys. Rev. Lett. 93 (2004) 17110

* Aiming for the first observation of Diffuse Supernova
Neutrino Backgrounds

* Also aiming for:

* Improving pointing accuracy for galactic supernova

* Precursor of nearby supernova by Si-burning neutrinos 0

llIIIIIFIiInI?IIIgIOIIaIIIIIIIIIIIIIIIII
 Reducing proton decay background gzg :
: :
 Neutrino/anti-neutrino discrimination (Long-baseline and i s et 2 ;g Initial loading :
atmospheric neutrinos) It PSS TV IR ol b s
e O .
P o) . .
* Reactor neutrino measurements \\.& ;,e“ o ‘ng S:g : :
¢ 0 E :
* As the first step, loading 0.02% of Gd2(SO4)3 in 2020 éfg
0 E :
~50% n-capture on Gd 0 - -

0 0 0.02 0.2
Gadolinium sulfate concentration [%]



R&D Challenges (Rl in Gd powder)

Radioactive impurities for Gd2(SO4)s powder [mBqg/kg]

Radio impurities in Gd power could introduce
additional backgrounds to solar and supernova
neutrinos

Stringent requirement for Rl imposed
Developed methods to evaluate low

concentration Rl
PTEP 2017 (2017) 11, 113HO01

Chain et SK-Gd requirements
P For solar For DSNB

2381 2338 . o5
226Ra <05 _
232Th AL < 0.05 _
228Th < 0.05 _
235\ 235 < 30 —
227TAc/227Th < 30 .

U contamination (ICP-MS)

PTEP 2018 (2018) 9, 091HO1 & 400[
arXiv: 2006.09664 3 Requirement:
i i o '
Screened at multiple sites 3w 2381 < 400 ppt
+ ICP-MS: Kamioka
200
» HPGe: Canfranc, Boulby and Kamioka 150
100
Worked with production companies and sof.
achieved the required purity Geteettes st een etensteniies

Lot No.

Th contamination (ICP-MS)

401

Requirement:
232Th < 13 ppt

Pl




R&D Challenges
(water purification)

* Challenge: remove impurities without
removing Gd

* [wo systems developed and tested with a “
200 md tank (EGADS) 200 m3 tank (EGADS) Water transparency

/ 3500

¢ e Band - paSS” SyStem With nano_fi Iter 90: Blue band: SK-III and SK-IV water transparency values
1 r/: 7% | E | : — ‘ ”

* Special resin-based system %

=]
(=]

~
o

[=)]
(=]

Both successfully kept water

Cherenkov Light Left (%) at 15 m

EGADS Gd,(SO4); + x - HyO concentration [ppm ]

transparency a-t -the Current SK |eve| 50; / Black dashed line: final Gd sulfate concentration ““é
without losing Gd of g S \

] © é‘: Té’ = E :_—gs;ntre 2
Nucl.Instrum.Meth.A 959 (2020) 163549 g 4 5 % : \ :

» Constructed a dedicated Gd-dissolving and D - £ ) ‘- \ 3

Gd—Water purlflcatlon SyStem for Super— 1({/-'0ct 10/Dec 08/Feb 09/}\;; 08/Jun 07/Aug 06/Oct 05/Dec 03/Feb 03/Apr 02/Jun 01/Aug T/lSep 29/Nov 28/'j:n

Kamiokande .
Gd concentration



SK detector preparation

 Major refurbishment work 2018-2019:
o Stopped water leak: < 1/200 of before (~1 m3/d)
 Many other improvements and cleaning

 SK-V operation (2019-):

 The new Gd-water purification system tested
with the real SK detector

» Successfully kept water transparency at
a level similar to previous phases

 Water flow tuning: Suppressed convection
and expanded low-background region

0 20 40 60 80 100120140160180200

3.5-4.0 MeV

i
22
r2 [m?]

0

Event/day/bin

0 20 40 60 80 100120140160180200

3.5-4.0 MeV

| I
22
r2 [(m?

—0.1

I0.05
0
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Ready, Set, ...

* 14 tons of Gd2(S04)3 (8H20) powder for initial loading produced and screened

 The new water system is ready to process Gd-loaded water

el e A RS
e r. ]

- :'.v. : - ' —— ‘(“ — = — . \ .~




Gd dissolving

 Commissioning of the new Gd dissolving
system just started!

* (Gd loading to Super-K will start VERY soon!

)

CIRCLE FEEDER




Recent results from Super-Kamiokande

New results at Neutrino 2020

Search for Diffuse Supernova Neutrino
Backgrounds

Solar neutrino oscillation measurements

Atmospheric neutrino oscillation
measurements

Multi-messenger astronomy:

* Gravitational-wave event follow-up
[Poster #161: M. Lamoureux]

 Gamma-ray bust follow-up
[Poster #85: M. Harada]

Search for supernova bursts |
[Poster #136: M. Mori]

Search for neutron-antineutron oscillation
[Poster #43: L. Wan]

Recent publications (2019-)

Phys. Rev. D 101, 052011 (2020), “Search for proton
decay into three charged leptons in 0.37 megaton-
years exposure of the Super-Kamiokande”

Astrophys. J. Lett. 887, L6 (2019), “Search for
Astronomical Neutrinos from Blazar TXS0506+056
in Super-Kamiokande”

Astrophys. J. 885, 2 (2019), “Sensitivity of Super-
Kamiokande with Gadolinium to Low Energy
Antineutrinos from Pre-supernova Emission”

Phys. Rev. D 99, 032005 (2019), “Measurement of
the neutrino-oxygen neutral-current quasielastic
cross section using atmospheric neutrinos at Super-
Kamiokande”

Prog. Theor. Exp. Phys. 2019, 053F01,
“Atmospheric Neutrino Oscillation Analysis With
Improved Event Reconstruction in Super-
Kamiokande IV”
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Supernova Neutrinos




Diffuse Supernova
Neutrino Backgrounds

a.k.a Supernova Relic Neutrinos (SRN)

e Supernova burst neutrinos:

* Rich physics observables once detected

* No detection since 1987A. Most recent search in [Poster #136: M. Mori]
 Diffuse Supernova Neutrino Backgrounds (DSNB):

* Neutrinos produced from all the SN bursts and diffused in the

current universe.

~ a few SN explosions every second
O(1018) SNe so far in this universe

 (Can study history of SN bursts with neutrinos

dF}, /‘»’«’max dN,(E},) dt
= c R 2 1+ 2)—dz
dF, “Jo SN (=) dFE/, (1+ )dz

Zmax ~ 1 for SK energy range

* Many astrophysics and particle physics implications:

e Contribution of failed supernova

e Neutrino oscillation effect in dense medium

 (Galaxy evolution

e Supernova burst mechanism

13.8 billign
years ago

Neutrinos from
past SNe

—h
o

:5'|_:' | IIIIII|

I T IrTl
R
f .
& ./
"

SRN v, Flux [/cm*/sec./MeV]
=

1072

1073

Kyoto University 2020

Adapted from Y. Ashida Ph.D. Thesis,

]
| | | | | | [ 1% |
[ 11 1 I I I I [ 11 1 I I [ 11 1 I I [ 1l l

------ Horiuchi+18 (g, . =0.1)
= = == Horiuchi+18 (§,, . =0.5)
Nakazato+15 (Max, IH)
REREN Nakazato+15 (Min, NH)
m— == Horiuchi+09 (6 MeV, Max)
LunardiniO9
Ando+03 (updated at NNNO5)

Malaney97

i Hartmann+97

’
’
, L 2
L4 ’y
I O

S

5 10 15 20 25

30 35 40 45 50
ve Energy [MeV]
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DSNB: Signal and Backgrounds

Rare event search: a few interactions / year / SK

+ Primary signal: Inverse Beta Decay (U, + p — e™ + n)

kc/‘} ” Detecting both position and neutron is
i \ the key to reduce backgrounds
8

el

 Backgrounds that mimic e+ + n pair:
e 9L (from cosmic u spallation)  Atmospheric neutrinos [Poster #175: S. Sakail

[E <~15 MeV] v CC  [E < ~50 MeV] ve CC [E > ~20 MeV] NC(QE) [E < ~20 MeV]
— @ — ° n B v /7 /”‘/
Ve
/ v n \O/n \ '\_l
\ @ @ (T< 5M0+MeV)\ p \ ~0 \
@ \ \ Vx/px
e" * 2&

€

 Accidental coincidence (mostly spallation products + fake-neutrons) [E < ~15MeV]
* Reactor neutrinos [E<~10MeV] [poster #221: A. Goldsack]

13



Analysis method

 Employed neutron tagging:

* Neutron signal in SK (pure water): 2.2 MeV y
from n-H capture

* Very small (typically ~ 7 PMT hits) signal
* Buried in radioactivity from the detector

* Developed a neutron selection algorithm based
on Boosted Decision Tree

e 20-30% signal efficiency with 0.2-3% fake-
tag rate

 Two methods for testing DSNB signal

o Spectrum fit: Fit spectrum shape assuming a
DSNB model

« DSNB-model independent search: Test event
excess for each reconstructed energy bin

nt/ 20 us

Timing peaks / eve

0.020

0.015

0.010

0.005

0.000

Neutron tagging performance

Overall efficiencies
for our analysis

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45
Signal Efficiency

Exp + constant fit,
T =196.538 *+ 6.263
= £=0.204 += 0.005

x2/dof = 1.126

Constant fit
71 BGlevent/us = 7.675E-05 + 4.36E-08

<4 Am/Be data, Center (2016)

TSI TS

/
0 100 200 300 400 500 600 700 800
AT (us)

[Poster #231: S. El Hedri]
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Number of events/2 MeV

Number of events/5 MeV

30 -

25 -

20 A

15+

10 -

25 A

20 A

15

10 -

SK-IV data psNB region

Spectrum fit result

Spectrum shape from
[Ando et al (NNNOS)]

Ve CC

NC

v, CC

u/m

relic

all background

—_——
..
¢

| i

Neutron tagging

b
Cherenkov angle Cherenkov angle Cherenkov angle
20-38° 38-50° 78-90°
u-like e-like Multi-y like
FIT 5
25 50 75 25 50 75 25 50 75

Positron energy (MeV)

No neutron tagging

[Poster #231: S. El Hedri]

Ep > 16 MeV
SK-I
0.00 . SK-II
SK-III
—0.25- —-— SK-IV (ntag)
—== SK-IV
—0.50 Combined -
8 —-0.75
o
<
_§_4’—1.OO-
-
—1.25-
—1.501
I \
] \
I \
—1.75- ,’ : “
I ) \
/ \ \
_2.00 ! T T . T * T T T
0.0 2.5 5.0 7.5 10.0 12.5 15.0 17.5 20.0

SRN events/year

No significant excess observed

Combined limit: ¢ < 2.7 cm-2/s (90% CL) for E, > 16 MeV
Model prediction: ® = 1.7 cm-2/s [Ando et al (NNNO5)]

Limit within a factor two of this prediction!
15



DSNB-model independent search

SK-IV data (w/ n-tag)

—&¢—— Data
Atmospheric-v (v-NCQE)
Atmospheric-v (v-NCQE)
Atmospheric-v (non-NCQE)

NI

30

Events/bin

25

Accidental coincidence
// - - SRN (Nakazato+15 Minimum, NH) x10
15—
10—
— @
| | y
5 ///[//[//[//[////[//[[/[ [/ /]
0*_ | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ]
12 14 16 18 20 22 24 26 28

No significant excess found

Set one of the most stringent limits above 13.3 MeV

[Poster #231: S. El Hedri]

Search Results & Integrated SRN Electron Antineutrino Flux [/cm?/sec.]

E, region [MeV] 13.3-19.3 19.3-25.3 25.3-31.3
SK-1V 2970 d
s 9.48 1.35 0.82
(Expected)
SK-IV 2970 days
9.08 2.22 0.35
(Observed)
Horiuchi+18
(&2.5,crit =0. 1)
Horiuchi+18
1.108 0.252 0.050
(&2.5.crit = 0.5)
Nakazato+15
e 0.798 0.236 0.081
(Maximum, IH)
Nakazato+15
: 0.089 0.026
(Minimum, NH) 0.337 0 026
Horiuchi+09
| onHen 2.534 0.887 0.314
(6 MeV, Maximum)
Lunardini09 1.032 0.321 0.098
Ando+03 | | _
2.652 0.796 0.261
(updated at NNNOS)
Malaney97 0.469 0.125 0.034
Hartmann+97 0.947 0.297 0.093

[ 1: Models within a factor of 3

Many model predictions are within several factors from the current limit

Sensitivity limited by small statistics and backgrounds

—Will be significantly improved with better neutron tagging in SK-Gd

16



Solar Neutrinos



Solar Neutrinos

* Intense neutrinos from nuclear fusion in the Sun’s core

* Majority (99%) from pp-chain with subdominant contribution
from CNO cycle

e What’s left in solar neutrinos?
* Help understanding solar interior
 Precision test of the MSW oscillation model

* Precise measurement of spectrum at the vacuum-to-matter
transition region

 Measurement of Day/Night asymmetry
e Super-K’s measurement of solar neutrinos
* Detecting recoil electrons from elastic scattering
* Robust signal extraction using angular correlation with the Sun

* Current threshold for analysis: Exin > 3.5 MeV

Pee

0.8 —————

0.5}

011

0.7

0.6

pp ‘B¢ pep | CNO B

Transition
i . region

0.4]
0.3}

0.2

Hep

v Energy in MeV

Day+—i——saNight

Ve Vur

\4 . Electron neutrino
V¢r+ Muon/Tau neutrino

Super-K has been continuously improving analysis with more statistics

Flux in /keVcm?2s



Energy scale stability (decay-e from cosmic p)

7.6 —
Analysis Improvements B sosw
]ﬁ'ﬂ'ﬁ‘:*@I:'ﬁ*:*@‘?*f"f'ﬂ'.*ﬁ.".ﬁ!}*.'!‘.ﬂ‘ﬂ'ﬁ*!ﬂ!‘ﬂﬂﬂﬁ"_}!n?'_ﬂf'_uﬂh'ﬁ"ih{l_"ﬂﬁf
» Detector simulation improvements [Poster #350: Y. Nakano} “EEE
* Improved PMT hit timing simulation e i e R 2018
* Improved modeling of water quality non-uniformity = = Energy scali:ggr;;uniformity (MC)
 Analysis improvements [Poster #350: Y. Nakano] E N il I
* Correction for PMT gain drift (introduced in 2017) ° o
* Improved correction for non-uniform energy Iz:: IZ:Z:
response ﬂ o SNTAINNTRTININ oot
E-scale non-uniformity (MC) 1.7% — 0.5% Additional eizzr]ﬂs w/ new spallation cut T
* Improved spallation cut [Poster #166: S. Locke] :45;
O
* 12% more signal efficiency while keeping spallation Q_.“
rejection efficiency at a similar level (~90%) = wo
Gained ~1 year worth statistics % S



Solar neutrino flux

Analysis using all the data up through SK-1V presented today

5805 live days from all (SK-1 ~ SK-IV) period (2970 days in SK-|V)

More than 100k 8B (and HEP) SOlar neutrino interactions collected

Livetime

[days]

Energy
[MeV]

DATA/MC

Flux w/ systematic error

[**10% /cm?/sec]

Extracted Signal
(Statistical only)

Event/day/kton/bin

SK-I 1496 4.5-19.5 0.453 + 0.005 9215 2.38+0.02+0.08 22443 *227
SK-II 791 6.5-19.5 | 0.459+0.010 + 0.030 2.41 4 0.05 916 7210 +133
SK-III 548 4.0-19.5 | 0.459+0.010 £ 0.030 2.40 £ 0.04 £ 0.05 8148 *133
SK-1V 2970.08 3.5-19.5 | 0.443 +0.003 + 0.006 2.33+0.01+0.03 638901351

(Updated) ° J™ ° . A . 1 . . A . AN . _379
) More than

Combined 5805 = 0.447 + 0.002 + 0.008 2.35+0.01 + 0.04
100k events

O
N

_I [ | L | L | L | L | L | L | L L [ I_
0.18;— SK-1V (2970.08) 3.49-19.49 MeV —;
0.16.- —— Observed data —
0.14- Best-fit -
0.12F- Background JE

0.1 _;:
008 :_ f;f_:
006:_ . .MM,-.:""‘- _:

;_-..:,..,.-,-.,.....-.-....-,Mw,m&-mwmwwwmm%%?ﬁ."2".'".' ------------- |
0-04__ T
0.02} —

0:I 11 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | | | 1 1 1 | | | |- I:
-1 -08 -06 04 -02 0 02 04 06 08 1
costg,,.
’.au-aé_l' |6".| LI LN LN B P
% B —4— SK data(Stat. only) ]
— 05 B Systematic error —
3 B SK combined flux __200
g 048 :_ e Sun spot number :
S f T :
(&) - 1 — 150
= 0.46 L By . -
E - bbb WS L
8 0'44—_ | L .—:100
0.42— _
B % Do .
_ ° — 50
0.4 Voo -
: o$‘ o |
038_| I I AR AN AR N A T |‘|. L1 AR IR AN AN A |q|—|0
" 1 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018
Date
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Oscillation analysis

Energy spectrum fit (SK-1V) Day/nght amplltude f|t (SK IV)

O 01 | | | |
%\ I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I .l 1 1 1 1 1 1 | < | | | | |
205 —Am221 = 6.1 X 105 eV2 (SK+SNO best fit) | susmmmmmmmmm 0
Qo —Am221 = 7.5 x 10-5 eV2 (KamLAND) il //
9 T .
\%/ . 0.02 H‘ I i ———+ 1 —I_—l—_l——l——l——l_
: lilg :
0.03 . L]
<0.46 -
© 0.04

— EXxpectation
— SK-1V data

@, — D

o
N
N

0.42

i B8 spec. sys. A night
- [ Energyresol.sys. | | ———4 _0.08F- PIN""05@, +®.,)
0.4 — [7] Energy scale sys. B = ' day night

I | | | I | | | I | | | I | | ] I ] ] | I | | | I | | I | _009 11 1 L1 1 | | L1 1 | 1 L1 | L1 1 | L1 1 | I | L1 10

4 6 8 10 19 14 16 18 0.06 008 01 012 0.14 0.16 018
Exin In MeV

>
=¥

AJl=(=2.1+1.1)% [3.5 < E< 19.5 (MeV)]

Disfavors flat oscillation probability by ~1o
~20 preference of non-zero Day/Night asymmetry

Spectrum shape compatible with KamLAND Am221 (< 10)
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g
o

g
o

N

| :50.55_ | ! —
Difference from the : |
- @ 0.5 ‘
previous results e :
2 + _
. Qqacl
» Best fit value of solar Am2»1 changed from 4.8 x 10-5 eV2 (2019) to 50-45; -
6.1 x 10-5eV? |<_t - _
2 0.4 -
* Spectrum analysis: T -
. . . — SK-IV (2970 days), 3.49-19.49 MeV :
Data/MC ratio at E < 6 MeV slightly shifted upward 0.35_ | == Supor (2020 Enory-85 spec. Sye. -
: —|— Super-K (2019) Energy-resol. Sys. —
» Shift of prediction due to improved detector simulation - Inner box: Energy uncorr. unc. [ | Energy-scale. Sys. _
0.3 Ll v v v by e b e e by ey Ly | 1 17
* Added statistics due to improved spallation cut ¢ Bnec;,? e,ecfon ,:,f,et,c L?,e,g;‘},\,,e\,]
‘\' in(0,,)=031698  AmE=(7.5451) 10°V° sin’(6,9)=0.0219:
 Event migration due to new reconstruction tool > %6, 120 300314 imm EZ ??5@518 exz eu=0021s:00014
L0 sin%(©,,)=0.309+0.014 Am>,=(4.83*%) 10°eV?
o |
 Day/Night asymmetry: A =005 _
YN sy d £ 15/ 5K4SNO 2020 @5% CL) P
Al = (=3.6 = 1.6(stat) = 0.6(syst) % — AL =(=2.1%+1.1)% _ON
py = ( (stat) (syst)) % pn = ( ) %o g KamLAND (95%CL)
. . . Apn=-0.
« Event migration due to new reconstruction 10 .

* Previous analysis used data up to Feb 2014 (SK-1V: 1664 days)

 Added ~1200 days of data fluctuated towards smaller D/N
asymmetry

o Solar 201995% CL) poshea: SKesNO |
- Both impacted to the shift of best fit Am2»1 value by roughly equal — R LAl LA

amount (in term of change of Ax?) 0.1 0.2 0.3 0.4 sinz(%)S

g
B

N
N

—
oo

®B solar neutrino flux [x10° /cm%sec]

—h
N



Oscillation Parameter Extraction

» Oscillation parameters extracted by o g
combining all SK data, as well as SNO and 4, R
: S sin (@12) 031698 AM2,=(7.54119) 10%V? sin’(©,)=0.0219+0.0014 . .
sin2(012) Am221 [10-° eV?] O 5in’(9,,)=0.306:0014  Amz,=(6.11%2]) 106V *
- LO sin%(0,,)=0.306%9913  Am3,=(7.51*312) 10°eV?
______ KamLAND | 0316083 | 7.54913 = © - I
+1.21 c 19 ol
_Sk+sNo | 0.306+0.014) 6.117%%5 £ 7 SK+SNO KamLAND
: +0.013 +0.19 R it
Combined O 306 -0.012 751 -0.18 c | |

/

—k
o
—

* Consistent 012 values among experiments !
e Solar best fit Am22¢ lower than KamLAND, but C -
difference is less than the previous analysis. 0 omoine
SK+SNO fit disfavors the KamLAND ~ Contours show 1,2, .. 5 o confidence intervals
best fit value at ~1.40 (was ~20) 01 02 03 04 205 2468
sin“(0) AX
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Atmospheric Neutrinos



Atmospherlc Neutrlnos
P(I/ — y)(NH) E e

0.8
0.5 - . .
s | | & * Neutrinos produced by cosmic-ray
e | [ W interactions in earth’s atmosphere
e 1o .
8 14,2  Baseline: O(10) km - O(10,000) km)
-0.5 —
//%/ : —0.2
-~ | o * Energy: peaks at several hundreds of
Al i MeV, extends to ~TeV
Neutrino Energy [GeV] \
Matter effects « Goals:
I 1
P, - V,)(NH), ¥ » AmZ232 and 623 measurements:
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Atmospheric Neutrino Analysis at SK

Up: cosO < -0.4, Down: cosB > 0.4
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Oscillation Parameter Measurement

—
Inverted Hierarchy, 2020
15 B _ 15 B __ 15 | ——~— Normal Hierarchy, 2020 -
ap 1 of 1 =a0f i
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SK data disfavors Inverted Hierarchy at 71.4-90.3% CLs (was 81.9-96.1% in 2018)
Also prefers: 1st 623 octant and ocp~3/21



AmZ335 vs siN2023 constraints
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Summary

 The new era of Super-Kamiokande, SK-Gd, is about to start

* New results from Super-Kamiokande:

UPER

K P> &

* Diffuse supernova background search: New limit within a several factors of many models

* Solar neutrino measurements: New spectrum and Day/Night asymmetry measurements to test MSW

* Atmospheric neutrino measurements: New constraints on AmZ2s2, 823, 6cp and MO

* Please also enjoy more results from Super-Kamiokande at the poster sessions:

ID Title Presenter Session
43 Neutron-antineutron oscillation search at Super-Kamiokande Linyan Wan 3
85 Search for astronomical neutrino from the Gamma-ray burst with Super-Kamiokande Masayuki Harada 2
136 Long time supernova simulation and supernova burst search at Super-Kamiokande Masamitsu Mori 2
161 Follow-up of Gravitational Wave events with Super-Kamiokande Mathieu Lamoureux 1
166 Spallation Studies in Super Kamiokande Scott Locke 2
175 Study of the atmospheric neutrino background for Supernova Relic Neutrino search Seiya Sakal 4
221 Reactor Neutrinos in Super-Kamiokande Alexander Goldsack 1
231 The diffuse supernova neutrino background in Super-Kamiokande Sonia El Hedri 3
350 Latest solar neutrino analysis results from Super-Kamiokande Yuuki Nakano 4
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